Light propagating through a subwavelength aperture can be dramatically increased by etching a grating in the metal around the hole. Moreover, light that would typically broadly diverge when passing through an unpatterned subwavelength hole can be directed into a narrow beam by utilizing a specific pattern around the aperture. While the increased transmission and narrowed angular emission appear to defy far-field diffraction theory, they are consistent with a fortuitous plasmon/photon coupling. In addition, the coupling between photons and surface plasmons affects the emissivity of a surface comprised of such structures.
These properties are useful across several strategic areas of interest to Sandia. A controllable emission spectrum could benefit satellite and military application areas. Photolithography and near-field microscopy are natural applications for a system that controls light beyond the diffraction limit in a manner that is easily parallelizable.
Over the one year of this LDRD, we have built or modified the numerical tools necessary to model such structures. These numerical codes and the knowledge base for using them appropriately will be available in the future for modeling work on surface plasmons or other optical modeling at Sandia. Using these tools, we have designed and optimized structures for various transmission or emission properties. We demonstrate the ability to design a metallic skin with an emissivity peak at a pre-determined wavelength in the spectrum. We optimize structures for maximum light transmission and show transmitted beams that beat the far-field diffraction limit. 
Motivation
Surface plasmon interaction with free-space modes offers interesting capabilities for controlling the transmission and emission of light from metallic surfaces. We demonstrate numerical methods for designing structures with specific transmission or emission requirements. The ability to optimize structures with fast numerical methods allows for more productive use of fabrication facilities. The ability to model the emission opens new areas of application for metallic skins employing surface plasmon interactions.
Surface plasmons have been shown to greatly enhance the transmission through an aperture when a grating is patterned in the adjacent metal. This grating allows coupling to surface plasmon modes at the metal/air interface. These surface plasmon modes in turn recouple to radiating modes on the other side of the aperture. Although the apertures are well under a wavelength in scale, a sizable fraction of light will transmit through as a result of the surface plasmon interaction. In addition, the divergence of the exiting beam is significantly lower than would be expected from diffraction theory. We further explore this transmission coupled with a study of absorption and emission from a surface covered in such apertures. A representative, but in no way comprehensive, reference list is [1] [2] [3] [4] [5] . This controlled beaming of very small low-divergence beams is applicable to photolithography, near-field microscopy, and optical tweezers for holding small biological or other particles.
Surface Plasmons Background
Surface plasmons are electromagnetic waveforms that can be fully described using Maxwell's equations. Surface plasmons are modes of the surface charge density at an interface. Coherent fluctuations of electrons at a metal/dielectric boundary lead to electromagnetic fields whose strength drops exponentially in both directions from the surface as shown in Fig. 1 . The existence of surface plasmons is dependent on one dielectric constant at the interface having a negative real component, and the other dielectric constant being positive. For this reason, surface plasmons can exist only at interfaces of a dielectric and either a metal or highly-doped semiconductor. The wave vector for surface plasmons is always greater than the photon wave vector. Therefore, coupling directly from photons to surface plasmons on an idealized flat surface is impossible. However, structuring the surface in the form of a grating can match the wave vectors to accomplish this coupling. The exponential decay away from the interface makes surface plasmons sensitive to surface properties. This property is fortuitous in that relatively shallow surface-relief gratings can couple propagating plane waves to surface plasmons efficiently.
A surface-relief grating is a simple corrugation on the surface. A one-dimensional grating (linear grooves) has a distinct restriction when working with surface plasmon/photon interaction. Interaction between surface plasmons only occurs with photons where the electric field is perpendicular to the direction of the grating corrugation. A two-dimensional grating overcomes this restriction, allowing coupling into both polarization states.
A sample one-dimensional surface-relief grating in a metal is illustrated in Fig. 2 . A grating with a fixed period will couple light of a particular frequency into a surface plasmon. To the observer this will appear as a dip in the reflectance at particular wavelengths and angles. This dip represents photons being converted to surface plasmons, and the consequent absorption of the surface plasmon energy into the surface.
Kirchhoff's Law states that the absorptivity is equal to the emissivity under conditions of thermal equilibrium. The law applies to the spectral absorptivity and emissivity, or the integrated values over the same spectral band, or each component of the polarization. This means that the spectral locations where photons are absorbed correspond to wavelengths where emission will occur if the surface is heated. Surface plasmons may thus be used to produce emission peaks at desired wavelengths by tailoring the grating specifications.
An extension from the corrugated surface is the metal film with a slit through it as shown in Fig. 3 . The surface waves may now travel on the metal surface through the aperture and recouple to a propagating wave on the back surface with the aid of the surface-relief grating on the back side. We theoretically modeled this structure, which consists of a silver film of thickness t film in which parallel grooves are etched to a depth t groove on both faces about a central slit of width w slit . The parallel grooves can be viewed as constituting a one-dimensional lattice of lattice constant Λ. The corresponding reciprocal lattice vector is,
Such periodic metal films have longitudinal surface plasmon modes propagating along the surface (with an E field and charge oscillation along the propagation direction), and an exponentially decaying amplitude perpendicular to the interface. The surface plasmon dispersion relation [6] is given by
(1) ε 2 is the real part of the metallic dielectric function, which is negative and large in magnitude for IR frequencies. ε 1 describes the response of the dielectric media. Since the surface plasmon dispersion lies below the incoming light line for any angle of incidence (θ, measured from the normal), incoming light cannot directly generate surface plasmons on a smooth surface. When an incident light beam of frequency ω, impinges on the patterned surface at an angle θ, it can couple to a surface plasmon at the air/metal interface through a surface reciprocal lattice vector [2, 7] :
Where is a unit vector lying in the plane of incidence, and n θ is the angle of incidence with respect to the normal to the surface of the crystal assumed here to be the xy-plane. By combining the dispersion relation (1) with this momentum conservation condition (2), we obtain the following eigenvalue equation for the surface plasmon frequencies
Here ν is the surface plasmon frequency, i is an integer, φ is the azimuthal angle, and ν ο = c / Λ.
The fundamental surface plasmon mode (i=1, corresponding to the first shell of G vectors) occurs at a wavelength of Λ. The strength of higher order surface plasmon modes is expected to decrease rapidly beyond the fundamental mode.
Modeling Methods
The numerical results shown here have been generated using three numerical simulation tools. The use of multiple modeling methods allows verification of results from one code to another. Moreover, some codes are better suited to certain aspects of a particular problem. We used rigorous coupled wave analysis, a semi-vectorial finite-difference Helmholtz code, and a transfer matrix method code.
Rigorous coupled wave analysis (RCWA) gives the far-field reflectivity and transmission from a periodic structure, with periodicity in either one or two dimensions. Absorption may then be calculated given reflection and transmission. Non-periodic structures such as the slit of Fig. 3 may be modeled if the entire structure is repeated periodically. RCWA is a fast simulation tool, however difficulties with numerical stability can be encountered with metallic structures with TM excitation, the case of interest here. Overcoming the stability issue can slow the code considerably, however it is still the fastest method used here and was often used to obtain rough results before employing another method.
We also use the well established transfer matrix method (TMM) for solving Maxwell's equations.
Here harmonic time dependence is assumed for the impinging electromagnetic waves. This renders the time derivatives of Maxwell's equations, a simple frequency multiplicative factor. Space is then discretized, and the spatial derivatives are cast into a set of finite difference equations that allow us to track the fields as they are stepped forward in numerical space. One field component, specifically the one marking the direction of the fields progression in the structure (usually chosen to be the Z-component), is then eliminated in favor of the other two. In the end the resulting equations are cast in matrix form, where the electromagnetic tensor on the exit face of the structure is given as the product of a transfer matrix, and the field tensor at the entrance face of the structure.
As is easily inferred, the transfer matrix is dependent only on the optical properties of the medium under study. Reflection and transmission coefficient information is then easily extracted from this transfer matrix by subjecting it to the appropriate boundary conditions.
The third code discretizes the space and using a finite-difference semivectorial Helmholtz equationbased formulation. This code allows us to see the fields present in the structure. This feature allows us to gain insight into the physics of what is happening inside the structure, thus leading to increased understanding and better design. For over ten years, numerical simulation of electromagnetic fields in two-dimensional structures that generate reflections has been accomplished by solving the semivectorial Helmholtz equation using a finite difference method [8, 9] . The adjective "semivectorial" refers to the fact that, although only a single field component is computed, correct interface conditions are maintained at dielectric interfaces, resulting in accurate solutions for two-dimensional geometries. As a result, the solution is different depending on whether the single field component is E or H, i.e. polarization effects may be examined. This finite difference method has been coded into a highly-accurate computer program (SHIM, for Semivectorial Helmholtz solution by an Iterative Method) that allows variable zoning in both directions and has a fourth-order spatial truncation error. This code has been successfully employed for the simulation of a wide variety of photonic structures such as binary focusing lenses, spatial light modulators, and second-order gratings, to name just a few.
Until recently, all these structures were either polarization insensitive, or were amenable to modeling with TE polarization (the computed field is the out-of-the-plane component of E). Code had not been generated for the other polarization because of the complexity of the derivation required (see, for example, ref. [9] ). However, the present investigation of transmission through metallic sub-wavelength apertures was only possible with TM polarization due to the inability of TE-polarized waves to couple to surface plasmon modes and thus a high extinction of the TEpolarized wave as it passes through the aperture. Consequently, the equivalent fourth-order derivation for TM polarization was performed and included in the code, resulting in a numerical tool which now can model either polarization.
RCWA modeling of grating
Surface plasmon resonances and their relative strengths can be determined by modeling the periodic grating without the aperture. This simplifies the problem numerically and can be modeled quickly using RCWA. Two-dimensional plots where two parameters are varied are possible with RCWA since the time for an individual simulation is fast.
In Fig. 4 we see a plot that demonstrates some of the issues involved with designing such surfaces. The absorptivity of a gold film is plotted as a function of wavelength and grating depth. The surface wave absorptivity is seen as a strong peak between 0.5 and 0.6μm. However, a strong material absorption from the gold is seen immediately adjacent to the absorption caused by the designed grating. This illustrates the problematic nature of gold in the visible wavelength range; this material absorptivity cannot be altered by the structure and necessitates the need to use silver films for the visible. However, the rapid oxidation of unprotected silver makes it non-optimal for many applications. Luckily, gold is an acceptable solution for applications in wavelength bands from the mid-visible to longer wavelengths. The angular dependence of the absorptivity of the surface (and thus the emissivity) can be seen in Fig. 5 . The dotted nature of the gold graph is a result of the discretization used in the simulation, if a finer discretization were used a solid thin line would be seen. From these graphs we can see that a strong emissivity peak can be designed at a given wavelength and angle. 
Transmission through slit
We modeled the structure published by Lezec, et al. 4 We then varied the parameters of this structure in silver film to maximize the coupling of light through the aperture. The basic structure is shown in Fig. 3 . By varying the aperture width, film thickness, and grating depth we determined the optimal structure for transmission.
Numerical modeling for transmission is performed using the modified semi-vectorial Helmholtz code described in the previous section. This high-order accurate code does not require the density of grid points that a second-order accurate code would require. For modeling metallic structures such as these, the lowered grid point requirement allows for larger structures to be simulated. A typical field pattern is shown in Fig. 6 . Sinusoidally-increasing absorbing boundary conditions are used at simulation boundaries. Far-field patterns of the exiting beam are determined by taking the Fourier transform of the exiting field at the top row of grid points before the top absorbing boundary. The input beam is a Gaussian with a FWHM of 4μm. This width is considerably wider than the size of the aperture. Strong fields can be observed at the silver/air interface that decay exponentially into the air and silver layers. The fields shown here are for a 40nm slit width. Strong coupling of the evanescent fields can be seen across the gap of the slit. The exiting light on the back side of the metal film (bottom side in figure) can also be seen.
Light transmitted through the aperture is a function of the slit width. As the slit width is narrowed below the 40nm width, the light transmitted falls off precipitously as seen in the peaks in the spectral plot of Fig. 7 . The 60nm slit-width curve corresponds well to Lezec's published experimental results. The far-field patterns of these three slit widths were also calculated. The other parameters of the structure are identical for the three. The resulting angular spread is shown in Fig. 8 . It is clear that the slit width does not affect the far-field angular distribution. Note that for a slit width that is much smaller than an incident wavelength (and in the 20nm case around 1/30 of the wavelength) the angular divergence half-angle is under 10 degrees. It is tempting to continue increasing the slit width to increase transmission, particularly since it will not affect the angular divergence of the transmitted beam. However, the slit cannot be expanded indefinitely with the expectation that the transmitted power will continue to rise monotonically. The reason for an eventual drop in the transmitted power, even with a wider slit, can be seen in Fig.  9 . The exponential decay of the field between the two sides of the slit is apparent in the expanded detail of the fields in the slit region. As the slit width increases past 100nm the transmission continues to fall; the transmission as a function of slit width is shown in Fig. 10 . These data were for a wavelength of 590.4nm (near the transmission peak). A variation of the thickness of the metal film and of wavelength results in the two-dimensional plot of transmission shown in Fig. 11 . These simulation results are from RCWA using published values for the complex refractive index of silver across the wavelength range simulated. [10] Thousands of individual simulations comprise the 2D plot shown in the figure, transmission was determined at each point as wavelength and film thickness were varied. The film thickness defined here is slightly different from that described in Fig. 3 . Film thickness in the vertical plot axis relates to the metal thickness between the two gratings. The grating height is held constant at 60nm for both front and back gratings. Thus, for zero film thickness, there still exists a 120nm grating suspended in air. This allows us to independently see the effect of the length of the slit from front to back surfaces of the metal.
With an extremely thin film layer, light couples through the film over many wavelengths.
As the film thickness increases, only the wavelength coupled through the aperture by the surface waves is transmitted. The results show a strong transmission for very thin metal thicknesses as would be expected. As the metal thickness increases the transmission occurs only at the surface plasmon wavelength and remains relatively constant as a function of thickness. The transmission through the slit does not vary as the film thickness is increased. This result illustrates the ability of the surface plasmon to propagate along the walls of the metal slit, in a manner analogous to a waveguide.
Emission
Emission is another aspect of these surfaces that is intriguing. The absorption into surface plasmon modes also tells us the location of the corresponding emission peaks in the spectra.
The simple plasmon theory predicts well the location of the surface plasmon modes but to calculate the reflection/absorption of the metal surface we utilize the aforementioned transfer matrix method (TMM). In the TMM electromagnetic (EM) waves of fixed frequency impinge on a structure that is periodic in two dimensions but finite in the third direction.
The TMM simulations utilized the frequency-dependent real and imaginary components of the dielectric function of silver for two lattices (Λ = 0.7μm; Λ = 0.5μm). In Fig. 12 and Fig. 13 the transmission, reflection, and absorption are plotted. For a normally incident wave, we find sharp reflectivity dips at the fundamental surface plasmon mode wavelength (λ = Λ), expected from the simple surface plasmon theory (3). The reflectivity falls to almost 0.2 from a long wavelength value of 0.85-0.9, exhibiting an exceedingly narrow full-width half-maximum (FWHM) of 0.1μm , where the incident wave is absorbed by the sharp surface plasmon resonance on the patterned silver film. The narrow FWHM corresponds to Δλ/λ 0 = 0.14 and 0.19 for the 0.5μm and 0.7μm lattice constants respectively. Fig. 12 . Reflectivity, transmission, and absorption for parallel apertures in a silver film with a grating period of 0.5μm. Fig. 13 . Reflectivity, transmission, and absorption for parallel apertures in a silver film with a grating period of 0.7μm.
We can thus design a metal surface that is reflective over the spectrum except for a narrow wavelength band where an absorption band can be selectively placed. From an emissivity standpoint, this implies a low emissivity except for a pre-determined band of high emissivity.
Conclusions
We have modeled surface waves at metal-dielectric interfaces and have designed and optimized structures that take advantage of surface plasmon properties. These results could be leveraged in future Sandia projects in areas such as emissivity-control of surfaces, photolithography, near-field microscopy, and biophotonics.
Surface plasmons offer a method for transmission through a tiny aperture without the wide divergence predicted by diffraction theory. We have demonstrated that this divergence is unaffected by changes in the slit width. 
